ABSTRACT Modular multilevel converter (MMC)-based high-voltage direct current (HVDC) grid is a promising technology for multiple offshore wind farms (OWFs) to form interconnected offshore grids. However, in the MMC-HVdc grid, the converter terminals connecting the OWFs could only be passively pre-charged by the ones connecting active ac networks via the dc lines during the start-up process. Under this condition, the start-up process of HVdc grid of the passive-side converters becomes significantly complicated. This paper, considering an HVdc grid integrating multiple passive-side converters, investigates its start-up process with three main contributions: 1) a modified nearest level modulation (NLM) method is proposed for the passive-side converters to mitigate the inrush currents after they are deblocked; 2) based on the dc-side equivalent models, the inter-converter resonances and oscillations between the passive-side converters are analyzed after they are deblocked, and; 3) an oscillation damping controller is proposed to provide the electrical damping of inter-converter oscillations between the passive-side converters. The simulation results in PSCAD/EMTDC from a four-terminal MMC-HVDC grid with two terminals connecting the OWFs verify the effectiveness of the proposed start-up control schemes. 
I. INTRODUCTION
Voltage source converter (VSC) based HVDC grid is a promising option for future offshore grids in interconnecting multiple offshore wind farms (OWFs), which are geographically remote [1] , [2] . VSC has received worldwide attention from both academics and industries [3] - [6] . Among the converter topologies, modular multilevel converter (MMC) has many salient features [7] - [9] , e.g. high redundancy, availability, and easy to scale-up/down to achieve the required dc voltage. Thus, it is considered to be the most promising converter topology for HVDC grid applications. At present, China is building a ±500 kV four-terminal symmetric bipolar meshed HVDC grid based on MMC in Zhangbei of North China, in order to integrate remote wind, solar and hydro energy in a transmission grid [10] . However, to achieve stable operation, the start-up control of MMC-HVDC grid from de-energized condition is essential, yet quite challenging with respect to the distributed capacitors of the MMCs [11] , [12] . Therefore, deliberate start-up control schemes are necessary in order to ensure fast and smooth energization for the MMC-HVDC systems [13] .
In [7] and [14] , an auxiliary dc source was utilized to charge the SM capacitors, sequentially. But this approach is not a cost-effective choice for HVDC applications, since each arm of MMC includes hundreds of SMs. Therefore, the pre-charging schemes without requiring any auxiliary or external voltage sources are preferred, considering that they do not lead to a high control complexity or additional cost to the system [15] . In [16] , two closed-loop pre-charging control schemes were proposed to pre-charge MMC with a constant charging current from the ac-and dc-side voltage, respectively. In [13] , a capacitor voltage feedforward control was proposed to enhance the dynamic response of the capacitor voltage control during the start-up process, since that the resonance between arm inductance and SM capacitors would limit the bandwidth of capacitor voltage charging loop, and thus constrain the start-up process and fast recovery of the MMC. In [17] , a generalized pre-charging strategy was proposed for MMC HVDC systems considering various SM circuits. However, these studies mainly focus on aspects of the start-up control schemes of a single converter station from either ac-or dc-side voltage sources.
For the PTP MMC-HVDC systems, if both terminals are connecting active ac grids, they rely on the ac-side voltage sources to be energized [15] . However, if one converter terminal is connected to OWFs, it cannot be energized by the connected ac networks and should be passively pre-charged by the other one connecting active ac network via the dc lines. In [18] , the start-up sequences for a PTP HVDC linked with one passive-side converter were analyzed. In [15] , a grouping sequentially controlled charge method was proposed to precharge the clamp-double SM based MMC-HVDC with one passive-side converter. In [19] , a start-up sequence for an MMC-HVDC system connecting an OWF was proposed, in which an auxiliary generator was used to pre-charge the offshore-side converter. However, this scheme not only led to a more complicated start-up process, but also required additional cost and space for the generator. However, the start-up control schemes in previous work were all based on one-or two-terminal MMC-HVDC systems, and those for multi-terminal MMC-HVDC systems have not been well studied.
For multi-terminal MMC-HVDC grids, multiple converters should be pre-charged in a sequential and coordinated manner, instead of being energized separately or simultaneously, to ensure a smooth and fast pre-charging process [20] - [22] . The start-up procedures of a three-terminal MMC HVDC system based on a practical application were introduced in [20] . However, there was no detailed description and analysis of the dynamics and coordination of the three-terminal system during the charging process. A hierarchical start-up control scheme was proposed for an offshore wind farm integrated MMC-MTDC system in [22] . Different start-up control schemes were compared in the real-time digital simulator (RTDS) simulations, however, no mathematical analysis was provided.
Up to now, few papers report the start-up process of HVDC grids with multiple passive-side converters. A coordinated start-up control scheme of a dc grid integrating two wind farms was presented in [23] . In [24] , a coordinated start-up control scheme of a dc grid with two passive-side terminals was presented. However, none of the existing technical literature provided a comprehensive analysis of the dynamic interactions and resonances between the MMCs during the pre-charging process, which may result in large electrical inter-converter oscillations [25] , [26] . Therefore, the results did not adequately reflect these relevant transient phenomena.
In [12] , additional resistors were placed at the dc output terminals to increase the decay of the dc voltage oscillations in the passive-side converter. However, the passive resistances and associated bypass switches would lead to additional cost and power losses.
This paper investigates the start-up control process of an MMC-HVDC grid integrating two passive-side converters, focusing on the dynamic interactions and resonances between them during the controlled pre-charging process. The rest of this paper is organized as follows. Section II proposes a sequential start-up procedure for the studied four-terminal meshed HVDC grid. Section III proposes a modified NLM method for the passive-side converter to mitigate the inrush currents when being deblocked. Then, the dynamic interactions and resonances between the passive-side converters are analyzed by their dc-side equivalent circuits, after they are deblocked. Section IV proposes an oscillation damping controller to provide the electrical damping of dc-side oscillations between the passive-side converters. A comprehensive coordinated start-up control scheme is formed by integrating the modified NLM method with the oscillation damping control. Simulation results using PSCAD/EMTDC are presented in Section V. Conclusions are presented in Section VI.
II. SEQUENTIAL START-UP SCHEME FOR HVDC GRID A. BASIC STRUCTURE
The test system in this paper is a four-terminal meshed MMC-HVDC grid, which is in a symmetrical monopolar configuration. Fig. 1 shows a single-line diagram of the HVDC grid, in which T i (i = 1, 2, 3, 4) denotes each terminal. Assuming that T 1 and T 2 are connecting the active ac networks while T 3 and T 4 the OWFs. The well-known vector current control strategy is applied for the control of the MMCs [9] . For the system level control of the HVDC grid, the master-slave control method is adopted, in which T 1 is assigned as the master terminal to control the dc system voltage, while the other three as the slave terminals. Assuming that T 2 is assigned to control the active power, and T 3 and T 4 control the ac-side voltage and frequency in order to stabilize the voltage magnitude and frequency at their PCCs for the OWFs. Additionally, T 1 and T 2 are equipped with limiting resistors between the converter transformer primary side and the ac network, as shown in Fig. 1 . The resistors are equipped with a parallel bypassing breaker and only in service during the initial energizing process [22] . Fig. 2 depicts the configuration of an MMC using the halfbridge SMs. Each MMC consists of three parallel-connected phase legs and each phase leg consists of one upper and one lower arm [9] . Each arm is composed of N series-connected half-bridge SMs. Each SM is formed of two IGBTs (S1 and S2) and a dc storage capacitor C 0 . Without loss of generality, only HB SMs are investigated in this paper. In addition, each arm has an arm inductor with the inductance L 0 and an equivalent resistance R 0 as shown in Fig. 2 . Each SM has three working states: blocked, inserted and bypassed [9] . For HVDC applications, MMCs typically include several hundreds of SMs in each arm. In order to mitigate the inrush currents when the SMs are deblocked, the start-up process of the MMC-HVDC grid should be in a sequential manner, rather than being started separately or simultaneously.
B. SEQUENTIAL START-UP PROCEDURES OF HVDC GRID
During the start-up process of the MMC, the energizing of the HVDC grid can be classified into two main stages: uncontrolled and controlled pre-charging process [11] . In the first stage, all the SMs are blocked and the HVDC grid is energized by closing the ac circuit breakers of the active terminals. After that, the ac-side phase currents will charge the SM capacitors of MMCs through the anti-parallel diodes until the sum capacitor voltage per arm reaches the peak value of the line-to-line ac voltage. To simplify the analysis, the following assumptions are made:
1) the ac-side voltages of T 1 and T 2 are assumed to be equal and V S is the amplitude of the line-to-ground voltage;
2) each arm of the four MMCs in the HVDC grid is composed of N identical SMs without redundancy.
Since all the SM capacitors in each arm of MMCs are charged synchronously, at the end of the uncontrolled precharge period, all SM capacitors of T 1 and T 2 will be charged to [22] 
where V c1 and V c2 are the maximum attainable capacitor voltages of T 1 and T 2 respectively; V dc0 is the dc-side voltage built by T 1 and T 2 , which can be expressed as
For T 3 and T 4 , all SMs in each phase leg are inserted into the charging loop and charged synchronously by the dc voltage source during the uncontrolled pre-charging process. And, the maximum attainable capacitor voltages of T 3 and T 4 are
where V c3 and V c4 are the maximum attainable capacitor voltages of T 3 and T 4 . According to (1) and (3), the magnitude of the capacitor voltages of T 3 and T 4 is only half of those of T 1 and T 2 at the end of the uncontrolled pre-charging stage, and thus both of them need to be further pre-charged.
In the following controlled pre-charging stage, the deblocking sequence of the active-and passive-side converters in the HVDC grid should be well coordinated to avoid large inrush currents. At the very instant that MMC is deblocked, the magnitude of the inrush current is mainly determined by the voltage differences between the sum of the inserted capacitor voltage and the dc system voltage [22] . The voltage differences of the active-side converters are approximately zero while the passive-side ones V dc0 /2. As a result, the passiveside converters will cause much higher inrush currents than the active-side ones (even higher with redundant SMs) when being deblocked. Hence, the passive-side converters should be deblocked prior to the active-side ones in the controlled pre-charging stage.
According to the above analysis, a sequential start-up procedure for the MMC-HVDC grid is proposed as follows:
• Step 0 (t 0 ): At the initial stage, all the ac circuit breakers are open and all the SMs are blocked under de-energized conditions;
• Step 1 n(t 1 ): Close the ac circuit breakers of T 1 and T 2 and all the SMs of the MMC-HVDC grid are being uncontrolled pre-charged;
• Step 2 (t 2 ): After the completion of the uncontrolled pre-charging process, deblock T 3 ;
• Step 3 (t 3 ): When all the SM capacitor voltages of T 3 are stabilized, deblock T 4 ;
• Step 4 (t 4 ): When all the SM capacitor voltages of T 3 and T 4 are stabilized, deblock T 2 ;
• Step 5 (t 5 ): When the SM capacitor voltages of T 2 are stabilized, deblock the dc-voltage-controlled terminal T 1 ;
• Step 6 (t 6 ): When all the SM capacitor voltages of each MMC in HVDC grid are stabilized, ramp the dc voltage reference of T 1 to the rated value to complete the start-up process. When the SM capacitor voltages and dc voltage are all well stabilized at their rated values, the start-up process of the MMC-HVDC grid is completed and then it can be put into normal operation.
III. PROPOSED START-UP CONTROL SCHEMES FOR HVDC GRID A. MODIFIED NLM METHOD FOR PASSIVE-SIDE CONVERTERS
Generally, the NLM method is the most suitable modulation method for the MMCs with a large number of SMs [27] . The numbers of the inserted SM of the upper and lower arms can be calculated by In the conventional NLM method, the rated SM capacitor voltage V rated c is adopted, namely v cref = V rated c . Therefore, the number of inserted SMs in each phase leg, N p +N n , will be less than N , after the MMC is deblocked. This is because the dc-side voltage has not achieved the rated value. According to (2) and (3), when the passive-side converter is deblocked, the voltage drop across the dc terminal will be more than half of the dc-side voltage, resulting in large inrush currents in the phase legs.
To reduce the inrush currents, a modified NLM method is proposed for the passive-side converters in this section according to [11] . In the proposed method, the reference value of the capacitor voltage v cref is set to be proportional to the instantaneous value of the dc-terminal voltage and can be expressed as
where V rated dc is the rated dc voltage of the system. The proposed NLM method is implemented using v cref in (5), so that the number of inserted SMs in (4) and the associated modulation index will be increased in comparison with the conventional NLM method. Therefore, the proposed NLM method could achieve ideally zero voltage difference at the deblocking instant, and the corresponding inrush currents can be greatly mitigated. In addition, the proposed NLM method is also suitable for active-side converters with redundant SMs to reduce the inrush currents.
B. RESONANCE AND OSCILLATION BETWEEN PASSIVE-SIDE CONVERTERS
According to the sequential start-up procedure for the studied HVDC grid in Section II-B, T 3 is first deblocked in the controlled pre-charging process. After being deblocked, three phase legs of T 3 are simultaneously pre-charged by the dc voltage and the maximum attainable capacitor voltage is equal to √ 3V s /N . After that, T 4 will be deblocked. Owing to the fact that both the capacitor and dc terminal voltages of T 4 are lower than those of the other three terminals, T 4 will be pre-charged by all of them. This will possibly cause power exchange and interactions between T 4 and other three terminals during the controlled pre-charging process.
When T 3 and T 4 are deblocked, the dynamic relations for the sum capacitor voltages of them are obtained as [28] 
where v c3,4 p and v c3,4 n are the sum of all SM capacitor voltages of the upper and lower arms of T 3 and T 4 , T 4, n 3,4 p and n 3,4 n are the insertion indices of the upper and lower arms of T 3 and T 4 , i dc3 and i dc4 are the dc-side output currents of T 3 and T 4 , respectively. With the capacitor voltage balance control, it assumes that all the capacitor voltages of the MMCs are well balanced within the phase legs and are equal to their average value. Therefore, (6) can be simplified as [28] 
According to the Kirchhoff's voltage law (KVL), the following dynamic relations in the dc-side model of T 3 and T 4 can be derived from Fig. 2 :
where v dc3 and v dc4 are the dc-side voltages of T 3 and T 4 . Substituting (7) into (8) respectively, we get
Then, subtracting the two equations in (9) yields
Considering that the dc line inductance in the charging loop between T 3 and T 4 are small and can be neglected. Therefore, the dc terminal voltage difference between T 3 and T 4 can be approximately represent as
where R 34 is equivalent resistance in the charging loop between T 3 and T 4 .
Substituting (11) into (10), and using (7), the following dynamic relationships can be obtained:
where (12) is the dc-side mathematical model for the charging loop between T 3 and T 4 , and the corresponding dc-side equivalent circuit of is shown in Fig.3 .
According to Fig.3 , the dc-side equivalent circuit of the charging loop between T 3 and T 4 is an RLC circuit and also a resonance circuit. When T 4 is deblocked, an abrupt dc-side voltage unbalance is imposed on the resonance circuit and it will excite electrical oscillations between T 3 and T 4 . And, the magnitudes of the inter-converter oscillations depend on the magnitude of the abrupt dc voltage unbalance. Because of the limited resistance in the dc network, these electrical oscillations are poorly damped and need a relatively long time to be damped out. Hence, it will prolong the start-up process to the whole system, which is unacceptable in some conditions, e.g. black-start conditions. Moreover, the dc-side resonance in the charging loop between T 3 and T 4 will constrain the bandwidth of the capacitor and dc voltage controllers, deteriorating the MMC-HVDC system stability [29] . As a result, the transient electrical oscillations may even impair the stable operation of the HVDC grid, causing voltage instability problems. In [30] , a notch filter was applied in the direct-voltage control loop to reduce the dc resonance peak for a PTP VSC-HVDC link interconnecting two weak ac systems. However, this control scheme is not suitable to mitigate the inter-converter resonances and oscillations during the start-up process considering that the dc voltage controller of HVDC grid is not enabled.
It can be noted that the capacitor voltages of T 4 will stabilize at √ 3V s /N and be equal to the values of the other three terminals when the inter-converter oscillations decay to zero. After that, when T 2 and T 1 is to be deblocked sequentially, the voltage difference is quite small. Therefore, the power exchange and interactions between active-and passive-side converters are small in the controlled pre-charging process of HVDC grid. As a result, additional damping control is only required to mitigate the problems of the inter-converter resonances between the passive-side converters during the start-up process.
C. OSCILLATION DAMPING CONTROL
To address the aforementioned problem, an oscillation damping controller is proposed in this section. The control diagram of the oscillation damping controller incorporating the modified NLM method is shown in Fig. 4 . According to the above analysis, only T 3 is required to implement the oscillation damping controller and the controller is activated before T 4 is deblocked. In Fig. 4 , the average capacitor voltage V cavg is regulated by a proportional integral (PI) controller to follow the reference v cref , which is set to √ 3V s /N . The output of the controller generates a voltage compensation signal v com , which is added to the arm voltage references in (4). Hence, the numbers of the inserted SM of the upper and lower arms are obtained as expressed in (13) .
After the capacitor voltages of T 3 and T 4 are both stabilized at V dc0 , T 2 and T 1 are also applied with the proposed modified NLM method when they are deblocked, respectively. After all the MMCs in the HVDC grid are deblocked and all the SM capacitor voltages are stabilized, the dc voltage reference of T 1 is then ramped to the rated value to complete the start-up process.
D. COORDINATED START-UP CONTROL PROCEDURE FOR HVDC GRID
Based on the previous analysis and the proposed two control strategies, a comprehensive coordinated start-up procedure for the MMC-HVDC grid is proposed as follows:
Step 0 (t 0 ): Initially, all CBs are open, all MMCs are blocked, set V dcref = V dc0 ;
Step 1 (t 1 ): Close CBs of T 1 and T 2 with limiting resistors;
Step 2 (t 2 ): When all the SM capacitor voltages of T 1 and T 2 are stabilized at V dc0 /N , and T 3 and T 4 at V dc0 /2 N , set e ref 3 = 0 and deblock T 3 with the modified NLM;
Step 3 (t 3 ): When the SM capacitor voltages of T 3 are stabilized at V do0 /N , active the oscillation damping controller Step 4 (t 4 ): Bypass the limiting resistors of T 1 and T 2 ;
Step 5 (t 5 ): When all the SM capacitor voltages of T 4 are stabilized at V dc0 /N , deblock T 2 with the modified NLM;
Step 6(t 6 ): When the SM capacitor voltages of T 2 are stabilized, deblock T 1 with the modified NLM;
Step 7 (t 7 ): When the SM capacitor voltages of all the terminals are well stabilized, ramp the dc voltage reference of T 1 to the rated value.
After all the capacitor and dc voltages are regulated to their correspondingly rated values, the start-up process of the HVDC grid is completed. As a matter of fact, the proposed start-up control scheme in this paper can also be easily extendable to MMC-HVDC grid with any number of activeand passive-side converters by following appropriate control sequence and utilizing the proposed control strategies.
IV. CASE STUDIES
In order to verify the effectiveness of the proposed scheme, the test system of the four-terminal MMC-HVDC grid in Fig. 1 is established on the time-domain simulation platform PSCAD/EMTDC. The detailed system parameters are provided in Table 1 and the control strategy is described in Section II-A. The main start-up procedures of the MMC-HVDC grid are described in Table 2 . Three case studies are conducted and the corresponding simulation results are presented in this section.
• In Case A, the start-up scheme is applied with only the modified NLM method;
• InCase B, the start-up scheme is applied with both the modified NLM method and the oscillation damping control;
• In Case C, the start-up process with conventional and modified NLM method is compared. 
A. START-UP PROCESS WITH ONLY MODIFIED NLM METHOD
In this case, the proposed modified NLM method is applied in the start-up process of the HVDC grid, but without the oscillation damping control. Simulation results are shown in Fig. 5 . Fig. 5(a) shows the dc voltages, where T 3 and T 4 when T 4 is deblocked. Due to the fact that HVDC grid is a poorly damped resistive network, it takes a relative long time (over 1.4 s) for the dc voltage oscillations of T 3 and T 4 to decay to zero, which impedes the fast start-up process or the recovery of the HVDC grid from blackout conditions. Fig. 5(b) shows that the dc voltages of T 1 ∼ T 4 keep oscillating during t 3 to t 4 , and the peaks of the dc voltage oscillations of T 3 and T 4 are four times larger than those of T 1 and T 2 . As a matter of fact, T 1 and T 2 behave as threephase full-wave rectifiers and their dc output voltages are oscillating at six times of the fundamental frequency before they are deblocked.
B. START-UP PROCESS WITH MODIFIED NLM METHOD AND OSCILLATUON DAMPING CONTROL
In this case, both the modified NLM method and the oscillation damping control are applied in the start-up process of the HVDC grid. The main differences of the simulation results between Case A and Case B is that the oscillation damping control in T 3 is activated at t 3 . Simulation results are shown in Fig. 6 . Fig. 6(a) shows the dc voltages, where v dci (i =  1, 2, 3, 4) denotes the dc voltage of each terminal; Fig. 6(b) shows a zoomed portion of (a) presenting the dc voltages when T 4 is deblocked; Fig. 6(c) shows the SM capacitor voltages of phase A of T 1 and T 2 ; Fig. 6(d) shows the SM capacitor voltages of the upper arm of phase A of T 3 and T 4 . Fig. 6 (b) and 6(d) verify that the proposed oscillation damping control can damp out the inter-converter oscillations on the dc voltages and SM capacitor voltages of T 3 and T 4 . Fig. 6(d) shows the capacitor voltages of T 3 and T 4 can be smoothly charged after they are deblocked. By comparing Case A and Case B, we demonstrate the accuracy of the previous analysis and validate the effectiveness of the proposed damping control strategy.
C. START-UP PROCESS WITH CONVENTIONAL NLM METHOD AND OSCILLATION DAMPING CONTROL
In this case, the start-up process with the conventional and modified NLM methods are compared. Fig. 7(a) and (b) respectively compare the dc-terminal voltage and current of T 3 with the conventional and modified NLM method. At 0.4 s when T 3 is deblocked, the magnitude of dc voltage drops to 0.07 p.u. of the rated value with the conventional NLM method, which is 5 times smaller than that with the modified one; the inrush current reaches 3.8 kA with the conventional NLM method, which is more than 3 times larger than that with the modified one. In addition, significant voltage overshoots can be observed with the conventional NLM method. Fig. 7(a) and (b) demonstrate that the proposed modified NLM method can significantly mitigate the voltage sags and inrush currents, compared with the conventional NLM method at the deblocking instants. The simulation results justify the effectiveness of the modified NLM method on mitigating the inrush currents and the superiority of the oscillation damping control on damping the electrical oscillations between the passive-side converters.
V. CONCLUSION
This paper has investigated the coordinated start-up control scheme for the MMC-HVDC grid with two passive-side converters. The study leads to the following conclusions:
(1) During the start-up process of HVDC grids, the passiveside converters should be deblocked before the active-side ones in order to reduce the inrush currents when MMCs are deblocked. (2) According to the derived dc-side mathematical model for the passive-side converters, there exists resonance phenomena between them. The proposed oscillation damping controller incorporating the modified NLM method can effectively mitigate the inter-converter oscillations between them. (3) Detailed start-up control procedures for the HVDC grid are presented and verified by the simulation results. The proposed start-up control scheme has less complexity and can be easily realized. Also, it can be easily extended to HVDC grids with any activeand passive-side converters by considering proper coordination.
